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FREE-FLIGHT INVESTIGATION AT MACH NUMBERS
BETWEEN 0.5 AND 1.7 OF THE ZERO-LIFT ROLLING EFFECTIVENESS
AND DRAG OF VARIOUS SURFACE, SPOILER, AND JET CONTROLS ON
AN 80° DELTA-WING MISSILE

By Eugene D. Schult
SUMMARY

A free-flight investigation of the zero-1ift rolling effectlveness
and drag of 18 roll-control arraengements on a cruciform 80° delta-wing
missile-like configuration was conducted over the Mach number range
between 0.5 and 1.7. Tests were made of deflected surfaces, spolilers,
and inlet-air-jet devices in order to give evidence to simple theory for
deflected surfaces and to determine some effects of chordwise logak{on:
for gpoilers and blowing‘g;;ggpion and spanwise location for Jjets near
the wing trailing edge.

‘.'

The results demonstrated that all controls were satisfactory roll-
producing devices except the canards located immediately forward of the -
main wings and spoilers a®‘6ther than trailing-edge locatlions. A fuselage
modification embodying the area-rule concept reduced the drag signifi-
cantly and caused little .ehenge In the rolling effectiveness of s flap
extending into the body indentation. For the jet controls, a compsrison
was made between the control forces generated by the various wing-jet
combinations and the purely reactive thrust of the isolated Jet blowing
normal to the wing chord plane. The results indicate force magnifications
of the order of 10 at subsonlc speeds and 3 at supersonic speeds for Jeta
blowing approximately normel to the wing surface from a line of orifices
along the trailing edge. Spanwise-blowing Jjets directing air parallel to
the wing surface and normal to the flight directlon were not so efficlent
but were still more effective than a pure Jet-reactlon-type control. The
rolling-effectiveness results are compared with simple theories which
neglect all interference effects.
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INTRODUCTION

Slender configurations employing highly swept, low-aspect-ratlo wings
have been of current Interest in the missile design field for a number of
reasons which involve reduced drag, the wing thermsl-structural problem at
high speeds, and missile portability sboard aircraft. At the present time,
there is a general need for additional control information on such slender
configurations. Thie need is due partly to the nature of the wing-body
interference and its influence on simple methods for predicting effective-
ness, and partly to the lack of data on controls for which little theory
exigts - notably spoilers and alr-jet devices.

Some indication of the limlt of present simplified methods for esti-
mating the rolling effectiveness of deflected surfaces is provided by
slender-configuration theory applied to sll-moveble-wing controls (ref. 1).
Under the asswption that the flow remains attached, this theory demon-
strates that the interference effects contributed by the body and vertical
wings are small for body diemeters less than 30 percent of the span. For
this range of body dismeters, therefore, it is conceivable that simple
theories which neglect interference may be adequate insofar as the predic-
tion of rolling effectiveness is concerned. It is of interest to confirm
this experimentally for the deflected wings described previously and also
for other low-span deflected surfaces which may be affected by interference
or-1odal flow separation.

- roup g0

Spoilers and air-jet controls hold promise from the low-actuating-
force standpoint. ‘Previous experiments with*¥plain spollers have shown the
" trailing-edge location to be most effective (ref. 2); however, in order to
alleviate the high drag penalty, it has been_gsuggested that ramp-type
spoilers or plain spoilers located slightly behind the trailing edge be
tested. Also of concern is the possibility of wing flutter induced by the
gpoiler at high speeds. =

Recent investigations of air-jet controls consisting of a line of
orifices in the wing surface have demonstrated that the jet effective-
ness varies almost linearly with the jet mass-flow rate or flow momentum
(refs. 3 to 5). These date also show that smaller orifices are generally
the more effective for a glven flow rate (possibly because of the greater
stream penetration achieved). It is of interest to determine the effects,
if any, of Jet spanwise location and to evaluate the efficiency of .
spanwise-blowing arrangements wherein the Jjet is directed parallel to the
wing surface normel to the flight direction. This installation eliminates
the need for wing ducts and permits the use of extremely thin wings for
reduced drag at high speeds.

The application of the area~rule concept to missiles has been con-
sidered not only as e means for reduclng drag but also to obtaln a better
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distribution of fuselage volume for the installation of seeker components.
Controlwise, it is important to determine what influence this modification
may have on the effectiveness of a control partiaslly submerged within the

body indentation and in a reglon of possible flow separation.

In the present investigation, measurements were made between Mach num-
bers of 0.5 and 1.7 of the zero-lift rolling effectiveness and drag of a
variety of controls on a slender, highly swept, miesile-like confilguration.
The control problems enumersted above were investigated by meens of +the
rocket-model technique. For comparative purposes, most of the controls had
the same span. The deflected-surfece results were compared with simple
theory and plain treiling-edge spoiler data with two-dimensionel estimates
based on the wedge anslogy of reference 6. The force data derived from the
present and other tests of wing-Jjet controls were compared with the purely
reactive thrust of the Jet alone in an effort to correlate the availgble jet
information and to evaluate the performance of the various wing-jet
combinations.

SYMBOLS
A cross-gectional area, sq ft
b wing span, ft
c wing chord, ft
c total dr Dreg
D &, ag coefficient based on exposed wing area, EE——
x
ACh incremental drag coefficient attributed to controls
ACy, incremental 1ift coefficient due to control based on total
planar wing area, Lift
Cz rolling-moment coefficient based on total area of wings with
controls attached, Rolling moment
qQSb
Cla rolling-moment coefflcient per degree of surface deflection
C, wing or configuration damping-in-roll coefficient based on
P Demping moment

total wing ares, , per radian

(pb/2V)qsb

= M x s
a4 BT DERT A,
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Jet-momentum coefficient based on total area of wings with

controls attached, ij

Jet-thrust forece coefficient based on total jet exit area,
Thrust force o o = _ =

(Pt - Pg)Aj

diameter, ft unless noted otherwlse
Jet thrust force, 1b

vertical coordinate measured above wing surface normal to
wing chord plane, ft unless noted otherwise

total force magnification obtained with wing-jet combination
expressed in terms of reactive thrust forcde of isolated Jet

directed normal to wing chord plane =
body length, ft
length and width, respectively, of slot, ft
distance between orifices, ft
Mach number, free stream unless noted otherwise
model rolling velocity, radians/sec
wing-tip helix angle, radians - : -
pressure, 1b/sq ft
stream stagnation pressure at inlet, 1b/sq ft

dynamic pressure, free-stream unless otherwise noted, %P, or

%QVZ, 1b/sq £t

radial coordinate, dimensions as noted

wing-plan-form area taken to model center line unless otherwise
noted, sq ft

ratio of exposed control-surface area to exposed wing area
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t wing thickness, ft

\'s velocity of model unless noted otherwise, ft/sec

W jet mass-flow rate, total for wings with Jets attached,
slugs/sec

x longitudinal coordinate, ft

y spanwise coordinate meesured from and normel to longitudinal
exis, £t

B =L - ¥

[s] control-surface deflection, average for all surfaces, per
surface, deg

A increment

¢ wing or flap section trailing-edge angle, positive for a sharp
tralling edge, deg

y ratio of specific heats (Cp/Cv), 1.kO for air

p stream density, slugs[cu ft

(AR) aspect ratio

T.E. trailing edge

01,02,05 constants

Subscripts:

a smbient or static free-stream conditions

c canard

kg flap or aileron

1 inlet plane or inboard extent of control

J Jjet-exit plane (geometric characteristics of or stream condi-

tions therein)

o outboard extent of control
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T wing root at fuselage Jjuncture

8 spoliler
DESCRIPTION OF MODELS

Nine of the 18 rocket-propelled test vehicles employed in this
investigation are illustrated in the photographs of figure 1. Figure 2
presents the detalls of the baslc test vehicle which was used in the
majority of the tests. It conslsted of 80° delta cruciform wings of
aspect ratio 0.7 mounted on a pointed cylindrical fuselege. The bagic
wings had modified hexagonal sections spproximately 2 percent thick at
the wing-fuselage juncture and blunt trailing edges equel to one-half
the meximum wing thickness. The basic wing was modified as shown so that
three of the configurations employed thin-trailing-edge wings. The basic
fuselage had an overall fineness ratio of 11, a nose fineness ratioc of
3.5, and & dlameter equal to 26 percent of the total wing span. One test
was made of a modified fuselaege shape which followed the area-rule con-
cept for reduced drag and had, in addition, a better distribution of
fuselage volume for installation of missile seeker components. Table I
listse the body coordinates and figure 3 compares the cross-sectional. area
distributions for both the basic and modified fuselsge configurations.

In each case the wing sweep and exposed wing span were constants. Both
models also had epproximately the same meximum cross-secticnal area and
fuselage volume.

The roll controls comprised various arrangements of deflected sur-
faces, spoilers, and air Jjets (fig. 4). Most of these controls were of
equal span and extended from the fuselage to the 75-peicent station of
the exposed wing semispan. Controls were located on all wings and were
equally deflected to produce zero-lift roll. :

The deflected-surface controls included inline canards, deflected
main wings, plain flasps in conJunection with both fuselage shapes, split
flaps, and detached surfaces located at two chordwise positions in the
wing weke. The control of model 8 was arranged to simulate either a
gplit flap, a spoiler ramp or, with minor corrections to the data to
account for the slope of the trailing edge, a plain flqp with extremely
thick tralling edges. ) N

The spollers consisted of the ramp previously mentlioned and three
plain spoilers at chordwise locations forward of, at, and behind the wing
trailing edge. The gpoller projections were equal and of the order of the
local wing thickness. A small normal accelerometer (vibrometer) was
embedded in one wing of the spoller-mounted models to detect the presence
of possible spoiler-induced flutter.




NACA RM L56H29

The ailr-jet controls consisted of simple inlet-jet arrangements using
air obtained from the free stream. The air was directed either spanwise
along or approximately normal to the wing surface near the trailing edge.
Test variations were made in the spanwise placement and spanwise extent of
the orifices and in the orifice area. The inlet frontal areas were egual
for all configurations and occupled epproximately 6 percent of the model
frontal area.

FLIGHT-TESTING TECHNIQUE

The test measurements of zero-lift rolling effectiveness and drag
were obtained by the rocket-model technique and covered the Mach number
range between approximately 0.5 and 1.7. The flight tests were conducted
at the Langley Pilotless Aircraft Research Station at Wallops Island, Va.
A two-stage rocket propulsion system accelersted the model to the maximum
test Mach number in approximately 3 seconds. During the 20-second time
interval that followed, the model decelerated through the test Mach number
range while measurements were made of the velocity with a CW Doppler
velocimeter (radar) and of rolling velocity with spinsonde radio equip-
ment. These data in conjunction with radiosonde information and space
coordinates, obtained with a modified SCR-584 radar unit, permitted an
evaluation of the Mach number M, the total drag coefficient Cp, and the

wing-tip helix sngle pb/2V as functions of time. Also obtained during
the flight tests of the spoiler-mounted models were time histories of the
wing-bending acceleration in order to provide some indication of the possi-
bility of spoiler-induced wing flutter.

The test Reynolds number varied with Mach number from approximately
2 x 108 to 1 x 107 per foot for all configurations (fig. 5).

ACCURACY AND CORRECTIONS

Calculations and flight-test experience indlcate that the test
results are accurate to within the followlng limits:

Subsonic Supersonic
o +0.01 +0.01
Pb/2V, radisns . .+ .+ + 4 ¢+ e o o o s o . . o 10.003 +0.002
CD « + o o o s s o« o a o s o s « s s s o« . F0.003 +0.002

Slight corrections were made in the rolling-effectiveness date to
account for small variations in wing incidence (from 0°) due to

VAL L
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construction tolerances. These variations in wing incidence were usually
less than 0.03°. The corrections were applied by using the averaged
messured wing incidence in conjunction with test data from model 2. In
all cases these corrections were less than Apb/2V = +0.001 radian.

In order to compare the rolling effectiveness of the various deflected

surfaces not tested at the same deflection, it was assumed that the effec- '

tiveness varied linearly with deflection. These dats were therefore
reduced to the form pb82V, where & 1is an average of the measured deflec-

tions of all four control surfaces. In this case the accuracy of measuring
the angular deflection of the control surfaces is believed to be within

0. 0085 per foot of mean deflected-surface chord.. The meximum deviation
of measured flap deflection from the average for all four surfaces wes
usually less than t0.1°. The data were left in terms of the basic param-
eter pb/2V for the spoiller controls which were tested at equal projection
and for the alr-jet controls tested in conjunction with equal inlet areas.

No corrections were made to account for the effects of model inertia
about the roll axis on the measured rolling effectliveness vhen time varia-
tions in rolling velocity occurred. It was estimeted that these variations
from the steady-state roll condition were small and within the accuracy
limits of the testling technique.

RESULTS AND DISCUSSION

The test results are presented as curves of the zero-lift rolling
effectiveness plotted ageinst Mach number in figures 6 to 13, jet-thrust
coefficients and thrust-force magnifications egainst Mach number in
figures 14 and 15, and drag coefficient against Mach number in figures 16
to 19. Discussed in order of their presentation are deflected surfaces,
spoilers, and inlet-jet controls, all in connectlon with cruciform
80° delta-wing configurations. The tests were limited to a single deflec-
tion for each surface, to a constant projection for all spollers, and to a
constant inlet ares Tor all jets. ZEstimates of the rolling effectiveness
were based on the following equation for steady, single-degree-of-freedom
roll:

po _ G _ (015)8 (1)
av €, -0 '
P P

The rolling-moment coefficients, C; and CIP were obtained from the

various sources noted below. The effective control span used in estimsting

Ny,

‘e
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CZ was exposed span, except for the deflected wings where totael span wes
employed.

Rolling Effectiveness

Deflected-surface controls.- The data for all deflected surfaces are
presented in Ffigures 6 to 9.

Canards: Figure 6 shows that roll reversal was obtained by deflecting
canards loceted immediately forward of and in line with the main wings.
The measured daste are presented in the basic form pb/2V for Bc = 6.06°.
Results are compared with the calculated rolling effectiveness of the con-
figuration assuming no interasction between canard and wing surfaces (ref. 1).
From the increment between the curves, the estimated angle of effective
downwash (or sidewash) from the canards was equivalent to a bullt-in nega-
tive wing incidence of approximately 0.8°. These results emphasize that
canards followed by large wing areas are not satisfactory roll-producing
devices in the ususlly accepted sense.

All-movable wings: In figure 7 the measured rolling effectiveness of
differentially deflected wings, plein flaps, end detached surfaces are shown
by the solid curves. Estimates based on available theory (refs. 1, 8, 9,
10, and 11) are noted by the broken curves. For the deflected wings, the
results indicate that the effect of Mach number on rolling effectiveness is
small; these results are in good agreement with the results of previous
investigations on other wings (ref. 7). The experimental curve agreed well
with the predictions of slender-wing theory for the planar wing alone
(deflected to model center line). The predicted interference effects
arising from the additlion of the body and vertical wings are shown by
theory to be small for this body diemeter (0.26b). Simple strip theory
overestimated the wing effectiveness by epproximstely 15 percent.

Plain flaps: The rolling effectiveness of the two flap-type ailerons
of equal span but different chord are in good agreement at supersonic speeds
with the level and trend predicted by linear theory applied to thifd planar
wings. (See fig. 7.) The measured results for both flaps are also com-
pared with values based on zero-aspect-ratio theory for slender-wing control
arrangements. The implication of this theory that control effectiveness is
independent of flap chord near zero values of the reduced aspect ratio
parameter B{AR) appears to hold reasonsbly well near the limiting case
(M = 1.0) for the larger-chord alleron. The lower effectiveness of the
narrow-chord, thin-trailing-edge aileron at this Mach number may be caused
by viscous effects not accounted for by the theory.

Detached surfaces: A comparison of the rolling power of plain flap--
type ailerons with endplated detached surfaces of the same plan form

- k]
. LTEEES L
. s
. - [, T
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located in the wing wake shows the plain flap to be more effective at zero
1ift throughout the test Mach number range. (See fig. 7.) No significant
improvement in the effectiveness of the detached surfaces was obtained by
doubling the gap from one to two ailleron chord widths. At subsonic speeds,
the level for the detached surfaces was approximately two-thirds the value
calculated for & two-dlmensional isolated surface assuming a theoretical
lift-curve slope of - 2x for the surface and the theoretical damping-in~roll
moment coefficient (w(AR)/32) for the planar wing alone (ref. 10). At
supersonic speeds, similar two-dimensional estimestes of the effectiveness of
an isolated surface were made by using linear theory; these values agreed so
closely with the predicted curve for the plain flap (model 5) that for the
sake of clarity they were omitted.

Split flaps and flap-section modification: Figure 8 compares the
rolling power of plain and split flaps based on the flap deflections
appropriate for each type of control. The results show that the split
flaps were approximately half as effective as the plain flaps over the
test Mach number range. Agein results compared favorably with zero-aspect-
ratio theory (ref. 10) at subsonic and transonic speeds and with linear
theory (refs. 9 and 11) at supersonic speeds. The theoretical curves for
the split flaps were derived on the basis of the local wing-flap mean- line

deflection and presented in terms of upper- surface profile deflection.

The effect of modifying the section of the plain flap by increasing
the trailing-edge thickness is shown in figure 9. The curve for the thick
trailing-~edge control was derived from the data of model 8 after applying
a minor correction for base pressure acting on the inclined base. The
base-pressure dats were obtalned from reference 12. The influence of the
gep along the outer edge of the flap (model 3) was neglected in accordance
with data published in reference 13. Results show that increasing the
trailing-edge thickness beyond the hinge-line thickness generally improved
the flap effectiveness. An estimate of this improvement at supersonic
speeds is obtained by correcting linear theory (ref. 9) or data for the
other flap section for the two-dimensional effects of flep tralling-edge
angle (ref. 1) using Busemann's third-order approximation of two-
dimensional flow. This correctlon factor, derived in reference lh and
gpplied herein to Cla’ is as follows:

- (-

CAY

The trailling-edge angle ¢ 1ls expressed in radians and the constants Cqis
Co, and Czy which depend primarily on Mach number, may be obtained from

o —
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the calculetions of reference 14. The estimates are shown to be in good
agreement with experimental results.

Plain flsp with fuselage modification: Figure 10 illustrates the
effect of a change in fuselage shape on plain-flap rolling effectiveness.
Flap plan form and the fraction of exposed span occupled by the flap were
identical in both cases. It is noteworthy that extending the flap into the
body indentation and into a region of possible flow separation had little
influence on the rolling effectiveness. This implies, however, that, if
flow separation had occurred, the reduction in flap effectiveness was pro-
portional to a reduction in the damping in roll of the configuration due
to the fuselage modification. (See eq. 1.) In the present case, approxi-
mately a third of the flap span was screened by the maximum dlameter sta-
tion of the modified fuselage.

Spoiler controls.- Figure 11 presents some effects of spoller shape
and chordwise location. Spen and projected height remained constant. The
remp (model 8) is seen to be about half as effective at subsonic speeds
and almost equally effective at supersonic speeds as the plain spoller
(model 9). The most satisfactory chordwise locdtion for the plain spoiler
was at the trailing edge which agrees with other spoiler data on wings of
lesser sweep (ref. 2). A more forward chordwise location (model 11) caused
roll reversal, probably because of the mechanics of the flow reattachment
to the wing behind the spoiler; similarly, the rear open-gap position
(model 10), suggested as a means for reducing dresg, was relatively ineffec-
tive at supersonic speeds.

A subsonic estimate of the ramp effectiveness, based on the same
theory employed in connection with the split flap (fig. 8) is repeated in
figure 11. At supersonic speeds the symbols show corresponding two- -
dimensional estimates for the plain and ramp spoilers based on control
loadings from plane-shock relations and free-stream flow conditions. For
the plain spoiler, the wedge analogy of reference 6 was employed to deter-
mine the extent of the control pressure field acting on the wing forward
of the spoiler. This method presumes the presence of a wedge, similar to
the ramp on model 8, which occuples the region forward of the spoiler.

The "wedge" apex angle and chord are adjusted according to local flow
conditions so that the pressure rise produced by the wedge matches the
critical rise necessary for boundary-layer separation forward of -a step
surface discontinuity. In the present case, the experimental pressure
coefficients necessary to separate a turbulent boundary layer were

obtained from reference 15 and substituted into plane-shock relations

(ref. 16) to determine the wedge angles and corresponding control

Mgurface" areas. The loadings were then expressed in terms of rolling
effectiveness by means of equation (1) by using theoretical values of

CZP for the cruciform configuration (ref. 1). The resulting semiempirical

estimates are shown to agree well with test data. As a matter of interest,
the wedge angles were of the order of 99, llo,.and 13° at M=1.5, 1.7,

and 2.0, respectively. )
?%?fﬁé’ﬁ%fﬁﬁﬂﬁf@;
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The results of the vibrometer tests to obtaln indications of spoiler-
induced flutter were negative. No osclllations were aspparent in the
variastion of wing bending acceleration ageinst time.

Alr-jet controls.- The rolling effectliveness of the various inlet=jet
devices are presented in figures 12 and 13. Air was supplied to the Jets
from simple inlets of equal intake area in all cases. )

Jets blowling normel to wing: TFigure 12 shows the variations with Mach
number of the rolling effectlveness of air Jets blowing approximately nor-
mel to the wing surface. In addition to present data, some curves for a
full-span Jet configuration of similar orifice pattern (ref. 3) and for a
configuration with jets forward of the tralling edge (ref L) are presented
The latter model was originaslly part of the present investigation but, '
because of structural failure during test, no free-fllght data were dbtained.
Results show that the effectivenesgss of inboard Jets increases almost line-
arly with increasing span at supersonic speeds (models 14 and 12 and ref. 3).
In the seme speed range, the higher effectiveness of the outboard jet loca-
tion over its corresponding inbosrd location can be accounted for by con-
sidering the difference in moment srms (models.1l3 and 14). Superposition of
the effectiveness of adjacent spanwise elements to obtain the effectiveness
of a larger span is not practical for this configuration (models 12, 13,
end 14); this is probably due to the reduction in unit-jet flow rate
resulting from the increase in manifold fl1ow loss with increased exit-to-
inlet area ratio. Jets forward of the trailing edge were ineffective, as
were plain spoilers at the same position (fig. 11).

Jets blowing spanwise along wing: The arrangements of Jets blowing
spanwise along the wilng were considered an end point for jet devices which
affect the flow over the wing. Although the reactive thrust component of
the jet available for control purposes 1s small, it was believed that this
disadvantage might be offset by the simplification achieved through elimil-
netion of wing ducts. Two methods for obtaining proportional control were
tested in connection with the outboard jet configuration: (1) a constant-
flow system (AJ/Ai Constant) where alr was ejected at differential rates

to both upper and lower surfaces (models 15 and 17), and (2) a varisble-
flow system (AJ Aq # Constant) where the flow rate to one surface was con-

trolled by adjusting the exit port-area (models 15 and 16). Results
shown in figure 13 indicate that the second method results in a more
linear increase in rolling effectiveness with increased net exit area over
the entire speed range of the test. A camparison of the relative effec-
tiveness of the Jets blowing normal to the wing and jets blowing spahwise
and parallel to the wing can be gained from the curves of reference 3
(fig. 12) and model 15 (fig. 13). It will be seen that this comparison,
basged on approximetely equal Jet exit areas, shows both types are nearly
equally &éffective at supersonic speeds. The inboard_spanwise blowling con-
figurstion, consisting simply of a paixr of turning vanes (model 18) was
about two-thirds as effectlve as the outboard arrangement (model 15).
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Jet thrust-force magnificetion: A determination was made of the
force magnifications produced by the various wing-Jjet combinstions in
order to correlate the present results with other jet-control informa-
tion and to provide a realistic basls for comparing the performance of
normal- and spanwise-blowing arrangements. The force maegnification Kp

is defined as the ratio of the lncremental normal force generated by the
wing-jet combination to the normsel force possible from the purely reactive
thrust of the isolated jet blowing normsl to the wing chord plane. It
seems reasonable to assume that these magnifications are applicable over a
fairly wide range of Jet flow conditions since both the jet effectiveness
and thrust vary almost lineesrly with the jet momentum. The present corre-
lation, which covered s wide range of Jet-flow conditions, tends to sub-
stantiate this assumption.

In the calculations described in the appendix, the values of Ky were

derived from incrementel 1ift, rolling moment, and rolling effectiveness
information and from thrust messurements of the manifold-orifice configura-
tion. Differences in the spanwise location of the jet were tsken into
account. The jet thrust coefficients were determined from ground tests of
the various duct systems and are presented in figure 14. A comparison of
the actusl and ideal thrust coefficients (fig. 14(b)) indicates considersble
. flow loss within the manifold, particularly for those manifolds having
normally blowing jet arrangements. These losses lncreased with increased
retio of exit area to inlet area (fig. 1l4(c)), which might be expected
because of the increased flow velocity inside the manifold.

The thrust coefficlents were applied to actual flight conditions
experienced by the model by employing theoretical free-streem stagnation
pressures at the inlet and ambient free-stream conditions at the jet exit.
It should be recognized that the thrust of the isolated Jet as determined
by these calculations and used in Kz to correlate the date represents

an idealized case and is not necessarilly the actual thrust of the jet in
combination with the wing. This difference in thrust arises from the
difference between the assumed ambient pressure at the jet exit and the
actual local wing back pressure which, because of jet effects, exists as
part of the wing pressure field to produce foree msgnification. If actual
wing back pressures were substituted into the calculations, the estimated
thrust would probsbly be somewhat lower and the estimsted force magnifi-
cation somewhat higher than reported herein. It is believed, however,
that the present usage of the isolated normal jet thrust in determining
the force magnificatlion gives a more realistic expression of the perfor-
mance of the wing-jet combination.

Derived values of Kp against Mach number are presented in Tigure 15.

All free-flight effectiveness data on jets blowlng approximstely normal to
the wing surface correlate fairly well at supersonic speeds on the basis of
differences in jet thrust and control moment erm (fig. 15(a)). At high

et A BETTTEARA,



1 W NACA RM L56H29

subsonic speeds, however, considerable scatter is evident due largely to
the changes in orifice pattern; the smaller orifices or ratios of orifice
diameter to spacing were apparently more effective aerodynamically. The .
average thrust magnification is of the order of 10 at subsonic speeds and ’
decreases to 3 at supersonic speeds. Jets blowing spanwise and parallel

to the wing surface are less efficient for a given flow rate than the nor-

melly blowing type although still more effective than a pure jet-reaction

control (KF = 1). It will be recalled that comparing jet types on a nearly

equal exit-area basis (figs. 12 and 13) revealed only small differences in

Jet effectiveness; this is attributed to the higher flow rates resulting

from the lower manifold losses for the spanwise-blowing arrangement

(fig. 14(b)). S . ——

In figure 15(b) the free-flight results are seen to sgree generally
with velues of Ky determined from referenced 1ift and rolling-moment
data. For referenced configurations having inlets, the calculations were
based on the thrust information presented in figure 14(c). When external
air wes employed for the Jets, Ky was estimated from the slopes of the

curves of the lift or rolling-moment datae against jet momentum, taken near
zero momentum coefficient. Figure 15(c) compares free-flight results for .
80° delta wings with megnifications obtained on other plan forms (refs. 5,
17, and 18). The higher velues in each case symbolize the data for the
smaller orifices or data obtained at slight angles of attack. The results
are in good asgreement at transonic speeds. ] _ -
It appears from the results of figure 15(a) that spanwise-blowing
Jets may have promise in reducing the landing speed or attitude of .
existing alrplanes having low-aspect-ratio wings. For a configuration
employing tip-mount:d, forward, underslung engines equipped with jet-
exhaust deflectors, it seems possible that consliderable lifting forece in
excess of that obtained from Jjet reaction alone could be made avallable
by &irecting all or part of the engine exhaugt horizontelly inboard under
the wing. This 1lift increment might be further increased by shaping the
fuselage sides to redirect the jet dovmward. While not so effective as
downward-directed Jets along the trailing edge, it would appear that this
type of circulation control would offer a simpler installation, since no
wing ducts are required, and may, in addition, provide some degree of lat-
erel control by differential throttle manipulation. PFurther tests will be
required, however, to evaluate fully the operational as well as the sta-
bility and control aspects of this arrangement in connection with an
alrplane-type configuration. ) ~ _ -

Drag

General.- Figure 16 presents the measured total drag coefficients, »
based on exposed wing erea, of the test configurations with deflection- ’
type controls. Also presented is the drag contribution of the body alone
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from reference 19 basgsed on the same charscteristic area. No corrections
have been made in the date to account for the induced-drag increment due

to roll lnasmuch as theoretical estimates for model 2 show that this
increment is less then 0.001 (ref. 10). Results demonstrate that the thick
trailing edges nearly doubled the incremental drag of the wing (models 3

and 5). Increasing the aileron trailing-edge thickness significantly
increased the drag of the plain alleron relative to the clean wing (models 2,
3, and 8).

Figure 17 shows the drag reduction obtained by modifying the fuselage
via the area-rule concept. In each case the drasg coefficients are based on
the exposed wing area of the basic configuration (model 3). The meximum
cross-sectional area and fuselage volume remalned essentlially constent for
both models (fig. 3).

Figure 18 presents the drag coefficients for the spoiler controls
relative to the drag of the so-called clean configuration (model 2) and
the body alone. It can be seen that projecting the plain spoller almost
doubled the total drag of the wing-body configuration at all test Mach
numbers. For the same projected height, the incremental drag of the ramp
was less than half that of the plain spoller. Drag curves for the air-jet
configurations are shown in figure 19 relative to the drag of the clean
configuration and the body alone. It can be seen that the incremental
drag of the inlet-jet control was not affected to a large extent by varia-
tions in the jet span or flow rate; this is in agreement with other dats
(refs. 3 to 5).

Drag comparison of controls.- A review of the preceding dats demon-
strates that the higher levels of rolling effectiveness obtained with cer-
tain controls were frequently accompanied by large drag penalties. It may
be of interest, for high-speed missiles, to show the drag penalty of each
control type at a given level of effectiveness, even though, for short-
range applications, drag is usually of secondary importance compared with
other control characteristics.

Filgure 20 presents plots at three test Mach numbers of the rolling-
effectiveness parameter against the incremental drag coefficient ACpH for

the various controls. The incremental drag in each case was obtained by
subtracting from the total drag the drag of the clean configuration (model 2).
In interpreting the results for allerons and spoilers it is assumed for pur-
poses of comparison that both rolling effectiveness and drag are linear
functions of control deflection so that a stralght line between the origin
end each test point defines the curve of increasing control deflection for
that control. For jets, on the other hand, the jet inlet constitutes an
essentially fixed drag penalty so that a straight line between the origin
and the test point describes the effect of an lncreasing inlet frontal area
for a given ratio of inlet area to jet-exit area; in this case, it is
assumed that the lncremental drag of the inlet, the inlet flow rate, and

the Jjet effectiveness are all proportional to the intake area.
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The results for this wing section substentiate the concept that the
most effective controls judged on a drag basis are movable wings and plain
fleps, followed in order by split flaps or ramp spoilers, plain spollers,
end finslly inlet-air-jet devices. At transonic speeds, the alr jets were
equally effective as split flaps. Obviously, the use of other wing sec-
tions tallored to the control would alter this picture, particularly for
gspanwlse-blowing jets adaptable to thin wing sections, or for jets
energlzed by a source other than inlets.

CONCLUSIONS

A free-flight investigation of the zero-lift rolling effectiveness
and drag of deflected surfa.ces6 spolilers, and two types of inlet-air- Jet
arrangements on a cruciform 80° delta-wing migsile-like configuration was
conducted by measns of the rocket-model technique for Mach numbers between
0.5 and 1.7. The following conclusions were obtained:

1. The results demonstrated that all controls tested were sultable
roll-producing devices except the canards immgdiately forward of the main
wings and spoilers away from the trailing edge. Detached surfaces in the
wing wake were about half ag effective at zero lift as plain flaps of the
same plen form.

2. A fuselage modification embodying the area-rule concept reduced
the drag significantly and caused little change in the rolling effectiveness
of a flap extending into the body indentation. '

3. Experimental results substantiated the predictions of slender-wing
theory for the control effectiveness of all-movable wings throughout the
test speed range. When interference effects were neglected, good estimates
of the flap effectiveness were obtained at supersonic speeds with linear

theory and for the larger-chord flap at sonic speeds with zero aspect-ratio -

theory.

4. Spoiler effectiveness at supersonic speeds compared favorably with
two-dimensional and semiempirical estimates. There was no indication of
spoiler-induced flutter. - — —

5. A correlation of the jet-effectiveness data with the thrust force
alone of the isolated jet turned normal to the wing chord plane revealed
force magnifications of the order of 10 at subsonic and 3 at supersonic
speeds for Jets blowing epproximately normal to the surface from orifices
along the trailing edge. Spanwise blowing was not ag effective, the magni-
ficetions being of the order of 3.0 and 1.5, respectively. Aside from
basic moment arm considerations, there was no effect of spanwise placement
of jets blowing normal to the surface.

suu s )
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6. A comparison of control types on a drag basis substantiates that
all-moveble wings asnd flaps were most effective for a given drag penalty.

Langley Aeronautical Laboratory,
National Advisory Commlittee for Aeronautics,

Lengley Field, Va., August 13, 1956.




APPENDIX
WING-JET THRUST-MAGNIFICATION RATIO

The factor Kp is herein defined simply as the ratio of the incre-

mental normal force produced by any wing-jet combination to the normsl
force available from thrust alone of the isolated jet blowing normal to
the wing chord plane. It was determined as a function of Mach number from
the experimental date of present and other tests in an effort to correlate
the data and to provide the designer with a practical means for estimeting
or evaluating the performance of jet-control-wing combinations.

In the correlation the values of Kp were determined near zero angle
of attack from referenced incremental-lift and rolling-moment data and from

free-flight rolling-effectiveness (pb/2V) date by means of the following .
relations:
ACI S
KF = Fq ) - ’ (Al)
C,qSb
-2 ) (a2)
Fy R

and, for steady-state roll,

= (43)

The characteristic thrust moment arm y 1is taken as the semispan
ordinate from the roll axis to the midjet-span station for the Jets
blowing approximately normsl to the wing and to the jet-exit plane for
Jets blowing spanwise and parallel to the wing. The damping-in-roll
coefficient CZP for the 80° delta free-flight configurations were cal-

culated from theory (ref. 1), these values being in good egreement with
the experimental results of reference 4. The jet thrust force F was
determined experimentslly in most cases for the actusl menifold in order
to eliminate possible effects arising from differences in flow losses
associated with differences in the manifold shepe or the orifice size and
arrangement.

For the inlet-jet devices the thrust coefficients were obtained as
in reference 3. The manifold assembly with a small total-pressure tube
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installed in the inlet plane was placed on a force balance and connected
to a compressed-air supply by means of a straight flexible duct. Total
normal-force measurements were obtalned for a range of inlet stagnation-
pressure retios Pt/Pa between approximately 1.2 and 4 atmospheres and

reduced to coefficients by the convenient relation

= F . -
R s AT )

Figure 14 presents typical variations of the measured thrust coefficient
against pressure ratio and ratio of exit area to inlet area for the
present test and other jet arrangements. The results are compared with
the ideal thrust coefficients for a convergent nozzle by considering the
nozzle entrance plane to correspond to the manifold inlet. The curve
defining the ideal thrust coefficient of a compressible gas emerging from
the nozzle after expanding isentropically to the nozzle exit from stagns-
tion conditions upstream was derived from the jet-thrust equation based
on steady-flow impulse, momentum, and pressure relations:

F =myVy + Aj(P3 - Pg) (45)

For subsonic Jjets, where the equality of PJ and Py eliminates the

pressure term, the ideel thrust coefficient becomes

c o omgVy  pgvy 2 oMyP
Figeal (Pt - Pa)h; (Pt - Pa) (Pt - Pa) (Pt/Pa - 1)

At subsonic speeds the ideal Jet Mach number at the nozzle exit may be
related to the upstream stagnation pressure by means of the following
expression (from ref. 16):

Y

Py/Pgy = [1+ (—7—-;-1->M jz:l 7-1

Substituting this expression for MJ into the preceding equation for

results in
CFideal
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p./p. Y0-286 _ ;1 _
OFy gont = 7||:( t{’tjl)’a — .. Pt/Pa Z1.89 (46)

when 9 = 1.4. Near zero-flow conditions the value of this expression
epproacheg the incompressible-flow value of 2.0 for a convergent nozzle
obtained from Bermoulll's equation. -

For choked nozzles (Py/Pg S 1.89, My '=1.0, and P; = 0.528P;) it

can be shown that the l1deal thrust coefficient for a convergent nozzle
reduces 1o

=) -
(Pt - Pa)

CPigen1 =

Dividing numerator and denominator by P, and lettlng v = 1.4 ylelds

_{L.eTPyfp, - 1 =
CFy geal = l: PP o 1 ] .« . PyfPs 571.89 (AT)

A comparison of actual and ideal coefficlents in figure 14 indicates con-

slderable friction loss within the manifold, particulerly for the vertically

blowing devices having large exdit-to-inlet area ratios. _
In order to relate the above coefficients to free-stream conditions

at & given Mach number, the following identity was substituted into
equation (A4): T

(s - 2g) = 2q(P—‘°LPii)

7M2

Values of the free-stream stagnation pressure ratio Pt/Pa theoretically

avelilable at the inlet face were calculated from the conventional pitot

equations (ref. 16) which, at supersonic speeds, assume the presence of a
normal shock forward of the inlet. B

Collecting terms by substituting the preceding relations for jet
thrust into equations (Al), (A2), end (A3) end letting y' = y/lé-, yields
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(A8)
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N M2
s - (g () ) (a30)

For referenced jet configurations tested with alr from an externsl
source, the value of Ky was obtained from the slopes of the data curves
ac ac :

—-L, and —* multiplled by 2 taken near zero values of the momentum
oCyy oCy vy’

coefficient Cu. This presumes that near zero momentum coefficient the
Jets are subsonic so that Cu reflects the actual available jet thrust

in combination with the wing in accordance with equation (A5). For com-
pleteness, it should be mentioned that the data coefficients and Cp are

necessarily based on the same referenced ares.
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— N m__;:;£EEEE‘
Model 1
r
Model 2 |
mfi::; | | h
Model 3

Model 4

I.-
(a) Closeup views of several models. 9oTTT

Figure 1l.- Photogrephs of several of the test vehicles employed in the
present investigation.
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Model 9

Model 12

(a) Concluded.

Figure 1.- Continued.

P 5ay

e
—;‘1’| ;L.-l.«.-.-

NACA RM L56H29

L-95778



NACA RM L56H29 I&@% 27

[T S

1-90168.1
(b) Model 15 mounted with booster on launching stand
and being prepared for f£light test.

Figure 1l.- Concluded.
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80°
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.5.00 diam,

— 9,625
o — T
{  IZ5 me%ga/ !
oqgive ridse .
ee Yable I) 0.75 constant rhicknes
10.72 3.25 diam, rocket motor
50 —j (27 stage) inside the
laminaied mahogarny
Fusetage.
Laminated mahogany overlay
N ’_//’/4 inch thick 2024 -14 2
tay= 075 Y e, 375 = 0.5 Erma
}
Basic (thick Trailing edge ) wing confryaration
i ¢
— N 0,015 raaiys
Umg = 0-75 Q7 2 R 2iaerss

Modified (thin trailing eage)wing configuration
(models 5, 6, and 7 only )},

Section AA _

Flgure 2.- Geometric and structural details of wings and cylindricsal
fuselage combination. All dimensions in inches.
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Mode/ 3
(basic configuration)

Mode/ 4
12 Moael 3
———=Modtl 4 )i N /’—\\‘H
Y Yo 2— oy Plus
08 / PEANDL St
. /A / \ N —
A/Z LA yi ~
4 Body L\
4 \
04 / N
i \__ ]
4
0 .r’//
(4] N4 4 .6 S8 L0
2/2

Figure 3.- Variation of model cross-sectional area with model length for
basic and modified fuselage configurations. 1 = 4.58 ft.

T, mm
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. _~Canard b/'/?e anis ar 0.56 canard — bz = 0802 £+

root chord.
/Zfﬁ-'— o.fb/z /l/
/__M —.260 b/2

Mode/ /.- Inline canards ; & = 6.06°

Wing hinge axis at — 4L =0.802 A
260 bfe
N
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e

tMode/ & .- Deflected wings ; §,, = 0.67°.

4 . P
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=1
g

ay =372 B/2 ge=2.67H- N
£
== e

P

Models 3 and 4. - Plain Flaps on basic and modified body shapes ;
body coordinates listed in table I .

Figure k.- Geometric details of roll-control configurations. Wings have
thick trailing edges (O-5tma.x) unless otherwise noted. Dimensions

are in inches.
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Figure 4.- Continued.
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Figure 4.- Continued.
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33

Inlet-airjef devices.— Jers blowing approximately normal fo wing surface ;

Ai =0.00195 (total).

Figure k.- Continued.
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Figure 4.- Concluded.”
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Figure 6.- Variation with Mach number of the rolling effectiveness of dif-
ferentially deflected inline canard surfaces; A, = 67°; (yo), = 0.5b/2.
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Figure 7.- Variations with Mach number of the rolling effectiveness per
degree deflection for deflected wings and flap surfaces. Models 2
and 3 have thick-trailing-edge wings, 5, 6, and 7 thin-trailing-edge
wings. (yi)e = 0.260b/2; (yo)p = 0.82b/2.
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Figure 8.- Comparison of the rolling effectiveness of plein and split

flaps. Constant flap chord and flap span; yi/% = 0.26; yo/% = 0.82;
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Figure 9.- Effect of increased flap-trailing-edge thickness on rolling
b _ . b _ . =
effectiveness. yi/-a- = 0.26; Yo/é’ = 0.82; (Sf/S)x = 0.10.
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Figure 10.- Effect of a body shape modification on plain flap rolling
effectiveness. Constant flap chord, flsp span, and exposed wing

span; 4 = 5,00 in.
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Figure 1l.- Variation of rolling effectiveness with Mach number for
spoiler controls showing effect of type and chordwise location.

yi[2 = 0.26; Yo[Z = 0.82; b = 0.008cr = 0.8Ttmy.
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Figure 12.- Variations with Mach number of the rolling effectiveness of
air jets blowing approximately normal to the wing surface using air
obtained from simple inlets. Orifice diameter, dj = 0.0l}ll-b/a;
orifice spacing, Al = l.ll-6d3 on centers; inlet area, Aj = 0.0019S.
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Figure 13.- Varistions with Mach number of the rolling effectiveness of
air jets blowing spanwise over the wing surface using air obtained
from simple inlets. 1Inlet area, Aj = 0.0019S; net exit-port width,

h' = (b3 - hg)/tmax.
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(a) Schematic sketch showing inlet-jet test setup for determining Cg.
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(b) Effect of inlet stagnation pressure ratio on Cg for
present-test jet configurations.

Figure 14.- Jet thrust coefficients derived from force tests of various
inlet-jet orifice arrangements. A3 = 0.508 sq in.
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Figure 1k.- Concluded.
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(a) Values of Kp for present and reference 3 test configurations

employing inlet-jet roll-control devices near the trailing edge of
80° delta wings at zero lift. Inlet areas, Aj and jet orifice

spacing, Al ere constants.
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(v) Comparison, for vertically blowing jets on 80° delta wings, of K
7

from figure 15(a) with values derived from referenced rolling moment
and Incremental-l1ift data near zero lift. -

Figure 15.- Varistlons with Mach mmber of the thrust-force magnification
obtained with several wing-Jjet combinations. Jet thrust is assumed to
act normal to wing chord plane. . _ — .
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(c) Some effects on Ky of jet chordwise locatlon for other wings and
a comparison of results with velues derived from data on 80° delta
wings. Values of Kp for referenced configurations were determined

from both rolling moment and incremental-lift information taken near
zero 1ift (a Z t4°).

Figure 15.~ Concluded.
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Figure 16.~ Variations with Mach number of the total dresg coefficient o

body-alone and present-test configurations with deflected-surface-
type controls. ’ '
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Figure 17.- Effect of a fuselage modification on the total drag of a
pilain-flap-controlled configuration. Equal maximum cross-sectional

areas; fgselage volume factor relative to volume of model 3 fuselage;
8 =~ 6.0°.
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Figure 18.- Variations with Mach mumber of the totel drag coefficients
of ‘the spoiler-controlled configurations. yille’- = 0.26; yO/% = 0.82;
hy = 0.008c, = 0.6Ttqg.
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Figure 19.~ Varigtions of total drag coefficient with Mach mimber for the
jet-controlled test configurations.
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Figure 20.- Correlation of measured rolling effectiveness with incre-

mental drag coefficient, ACp for various controls. ACp based on
total exposed wing area; thick-trailing-edge wing configursations.
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